proteins moves P granules and that cortical flow produces the distinct cortical domains with which specific PAR proteins dynamically associate. P granule localization is refined by a separate mechanism, in which PAR-1 stabilizes only those P granules that have reached the posterior cortex. Our results demonstrate that the PAR proteins polarize the C. elegans zygote by two distinct mechanisms and suggest a model by which PAR proteins might function to polarize other cells.
Results

par-2, par-3, par-4, par-6, and mex-5/6 Function in Intracellular Motility
To measure cortical and central cytoplasmic motility in because they have been found to move in concert with the actin cortex [8] . Both cortical and central cytoplasmic regions were analyzed together in each kymoembryo makes it ideal for such studies. In C. elegans, P granule movements have been examined during the graph so that movements of the cortex and central cytoplasm in opposite directions could be identified (Figure early stages of wild-type embryos [20] . Because P granules have a particulate distribution, time lapse imaging 2A). We measured central cytoplasm moving in wildtype embryos at a rate of 4.0 Ϯ 0.5 m/min (Table S1 in of fluorescently labeled P granules could distinguish whether P granules redistribute by moving or by being the Supplemental Data available with this article online), consistent with an earlier estimate based on tracing the locally eliminated. At the one-cell stage, P granules redistribute primarily by moving, although near the end of movements of individual granules in an embryo (4.4 Ϯ 0.8 m/min) [7] . The cortex was observed to move at a the period of movement, mislocalized P granules are eliminated, presumably by either degradation or disassimilar rate in the posterior half of the embryo, as shown previously [7] , and the rate of cortical and central cytosembly of P granule components.
Two other studies used live fluorescence imaging to plasmic movement did not change markedly through the time during which these movements occurred (Figexamine the roles of PAR proteins in generating asymmetries in C. elegans [21, 22] . These studies examined ure 2A). We found that these movements occurred for a duration of 7.0 Ϯ 1.8 min in wild-type embryos (Table localization patterns of proteins that initially had uniform cytoplasmic distributions and subsequently became S1), resulting in central-cytoplasmic yolk granules or vesicles travelling an average distance of 28.0 Ϯ 8.0 asymmetrically localized. Although the time course of reorganization could be tracked, it was not determined m, a little more than half of the length of the approximately 50-m-long embryo. whether each change in localization was a result of protein movement, localized degradation, and/or localized To test whether par genes are required for generating this polarized intracellular motility, we generated kymosynthesis. Movements of proteins and the mobile cellular components to which certain proteins bind can be graphs from DIC recordings of par mutant embryos. Previous experiments concluded that only par-3 was made visible either by examination of particulate assemblies of proteins over time or, for proteins with distribuessential for these movements, but these experiments were conducted on only a subset of the par genes, and tions that appear to be nonparticulate, by analysis of fluorescence recovery after photobleaching (FRAP) of before information had been obtained to indicate which alleles were likely to be null alleles [26, 10]. We used fluorescently labeled proteins [23-25].
Here we take advantage of C. elegans genetics and null alleles where possible, and we used multiple alleles to further test certain conclusions (see Experimental the microscopic clarity of the C. elegans zygote to address whether the PAR proteins polarize cells by funcProcedures). We found that little or no polarized intracellular motility occurs in par-2, par-3, par-4, and par-6 tioning in intracellular motility. We have examined the movements of cytoplasmic yolk granules and vesicles, mutant embryos ( Figure 2 ). Among these, par-2 mutants produce the most cytoplasmic flow, with the cytoplasm P granules, and PAR protein domains and conducted FRAP experiments on GFP-conjugated PAR proteins, generally moving at a speed similar to that observed in wild-type embryos but for about one-fifth the duration both in living embryos. We report that PAR-2, PAR-3, PAR-6, PAR-4, and MEX-5/6 are required for polarized ( Figure 2 , Table S1 ). The pie-1 gene, which acts downstream of the par genes to generate a subset of embryintracellular motility, and the downstream-acting proteins PAR-1 and PIE-1 are not. We present evidence onic asymmetries [27], is not required for cortical and central cytoplasmic motility (Figure 2) . Our results sugthat the polarized cytoplasmic flow directed by these Table S1 for details.
gest that a large part of the known par pathway upstream motility. We therefore examined cortical and central cytoplasmic motility in mex-5/6 double mutant embryos. of pie-1 is required for polarized intracellular motility.
MEX-5 and MEX-6, two similar and partially redundant We found that, as for the par genes discussed above, loss of mex-5/6 also results in little or no cortical and CCCH zinc finger proteins, act downstream of the PAR proteins to generate certain aspects of cell polarity [28] . central cytoplasmic motility (Figure 2 ; Table S1 ). Consistent with this, the PAR-2 domain is generally small at the Recent results suggest that these proteins also act at an earlier step, where they establish embryonic polarity [6] . Therefore, to test this hypothesis, we have studied the movements of P granules and PAR proteins in wild-type and mutant embryos.
If P granules are moving passively in a viscous cytoplasmic flow, P granules and neighboring cytoplasmic yolk granules and vesicles should move at precisely the same rate and trajectory. PGL-1 is a component of P granules [32] . We generated an integrated GFP::PGL-1 transgenic strain (see Experimental Procedures) and imaged embryos from this strain by simultaneous fluorescence and DIC microscopy. Overlays of fluorescence and DIC recordings revealed that P granules and neighboring yolk granules and vesicles move with the same rate and trajectory during cytoplasmic flow, each P granule remaining in a constant neighborhood of yolk granules and vesicles as it moved toward the posterior (31/ 31 P granules, ten embryos; Figure 3A) .
To test further whether P granules move passively in cytoplasmic flow, we used RNA interference to reduce were the case, one would expect P granules to either P granules [39]. Because cortical and central cytoslow down or stop at the posterior cortex before the plasmic flow depended on other par genes, we expected time that cortical flow ended. We examined P granules that cortical and central cytoplasmic flow would also and cortical flow simultaneously in living embryos and depend on par-1. We generated kymographs from DIC found that cortical P granules moved in concert with recordings of par-1(b274) mutant embryos and were neighboring yolk granules and vesicles and that P gransurprised to find that cortical and central cytoplasmic ules do not slow down or stop moving until cortical flow flow appeared normal, with both the duration and the stops (14/14 P granules from eight embryos; Figure 3C ). rate of cytoplasmic flow being similar to those in wildThis result suggests that P granules are not prevented type embryos (Figure 2 ). To ensure that these results from moving with cortical flow by any such trap. were not an artifact of partial loss of par-1 function, we similarly examined par-1(it60), a par-1 allele that lacks detectable PAR-1 protein on Western blots, and par-PAR-1 Functions to Stabilize P Granules that Reach the Posterior Cortex 1(it51), an allele that is predicted to lack kinase activity because an arginine is replaced at a conserved position PAR-1 might instead function to asymmetrically localize P granules by selectively stabilizing only those P gran-(K. Kemphues , personal communication, and [40] ). Both , unpublished data) all failed to detect P granules in par-1(it60) embryos between the end of the period of flow and the two-cell stage, whereas they did detect P granules in wild-type embryos at the same stages and at other stages in par-1(it60) (data not shown). We conclude that PAR-1 is necessary to stabilize P granules against either disassembly or degradation during the period of flow.
If PAR-1 functions in P granule localization by locally stabilizing P granules that reach the posterior cortex during flow, then ectopically localizing PAR-1 throughout the embryo, even in a background that has cortical and central cytoplasmic flow, might be expected to result in many ectopically stabilized P granules. We first determined whether any of twelve existing par-1 mutant alleles result in mislocalized but wild-type levels of PAR-1 protein, but no allele did (Supplemental Table 2 ). Many alleles resulted in little or no PAR-1 protein at the one-and two-cell stages and few or no P granules, consistent with the proposal that PAR-1 functions to stabilize P granules. Results also confirmed a previous report that in two alleles predicted to lack kinase activity, it51 and it90, P granules are absent, but PAR-1 is enriched in the posterior cortex as in wild-type embryos [40] , suggesting that PAR-1's kinase activity is essential PAR-1's role in stabilizing germline ribonucleoprotein Hird et al. [20] reported that P granules become localized complexes may be part of a conserved mechanism by to one side of the C. elegans zygote in two ways. P which these complexes are maintained only in the germgranules localize first by moving toward the posterior.
line; Drosophila PAR-1 phosphorylates and stabilizes We have found that several PAR proteins are required for the germline protein Oskar, which is a polar granule the cytoplasmic flow that appears to carry P granules. component [19] . C. elegans PAR-1 appears to require Second, P granules that do not reach the posterior disits kinase activity to stabilize P granules during and just appear. We have found that PAR-1 is responsible for after the period of flow ( [40] and this paper), although stabilizing those P granules that reach the posterior corno kinase targets are yet known. Whether C. elegans tex. It is not yet known whether P granules disappear PAR-1 directly phosphorylates P granule proteins is unin the absence of par-1 because they are disassembled known, although it is clear that it does not phosphorylate or because individual P granule components are dean Oskar homolog because no protein resembling Oskar graded. P granules reappear at the four-cell stage in is predicted in the C. elegans genome or by the separ-1 mutants ( [40] and our unpublished data), sugquence from any organism outside the dipteran insects. gesting that PAR-1 is no longer required to stabilize P It will be interesting to determine to what extent the granules at this stage and that if P granule components mechansisms of PAR-dependent cell polarization have are degraded, they must be resynthesized very quickly. 
